This paper presents a detailed analysis of the climate of the last interglacial simulated by two 12 climate models of different complexities, CCSM3 and LOVECLIM. The simulated surface 13 temperature, hydrological cycle, vegetation and ENSO variability during the last interglacial 14 are analyzed through the comparison with the simulated Pre-Industrial (PI) climate. In both 15 models, the last interglacial period is characterized by a significant warming (cooling) over 16 almost all the continents during boreal summer (winter) leading to a largely increased 17 (reduced) seasonal contrast in the northern (southern) hemisphere. This is mainly due to the 18 much higher (lower) insolation received by the whole Earth in boreal summer (winter) during 19 this interglacial. The arctic is warmer than PI through the whole year, resulting from its much 20 higher summer insolation, its remnant effect in the following fall-winter through the interactions 21 between atmosphere, ocean and sea ice and feedbacks from sea ice and snow cover. 22
Discrepancies exist in the sea-ice formation zones between the two models. Cooling is 23 simulated by CCSM3 in the Greenland-Norwegian Seas and near the shelves of Antarctica 24 during DJF but not in LOVECLIM as a result of excessive sea-ice formation. Intensified 25 African monsoon is responsible for the cooling during summer in North Africa and on the 26
Arabian Peninsula. Over India precipitation maximum is found further west, while in Africa the 27 precipitation maximum migrates further north. Trees and grassland expand north in 28 Sahel/Sahara, more clearly seen in LOVECLIM than in CCSM3 results. A mix of forest and 29 grassland occupies continents and expand deep in the high northern latitudes. Desert areas
Introduction 10 11
The Earth has experienced quite warm periods in the past (e.g. interglacials). Investigating 12 the climate processes and feedbacks during these warm periods helps to improve our 13 understanding of climate dynamics and to address key questions for the future, in particular climate forcings, these studies provide ideal paired experiments for inter-model comparison, 7 which would be interesting for the modeling community in particular given that LOVECLIM 8 and CCSM3 are often used in climate/paleoclimate modeling and are of different complexity. 9
The MIS-5e simulations provided by these studies and also included in Lunt 125ka and 130ka BP performed by several climate models. They focus on the analysis of 12 near surface temperature pointing out large regional deviations in the ensemble mean and 13 between ensemble mean and proxy data. However, due to the large amount of models, it is 14 difficult to address in details the possible reasons for the simulated regional dissimilarities 15 between the models. Given the increasing interest of the paleoclimate community in the last 16 interglacial climate, detailed information about the simulated climates is needed and the 17 mechanisms responsible for the changes of different climatic variables deserve to be 18 investigated. In this paper, we present a detailed regional and seasonal analysis for the 19 surface climates of MIS-5e relative to the Pre-Industrial (PI) period. We investigate the 20 feedbacks of sea ice, monsoon, vegetation and ENSO in the modeled climate system as 21 plausible explanations for the regional similarities/dissimilarities simulated in both models, 22 making it the first detailed intercomparison between CCSM3 and LOVECLIM models with 23 emphasis on MIS-5e. We also give some quantitative comparison with proxy data reported in 24 literature, in order to determine where features are robust and where uncertainties are large. 25 
26
The paper is organized as follows: in Section 2 we give a brief description of CCSM3 and 27 LOVECLIM models and the prescribed boundary conditions. In Section 3 we discuss the 28 similarities and differences in surface temperature between CCSM3 and LOVECLIM. In 29 Section 4 we focus on African, Indian and East Asian monsoons. Vegetation is discussed inlocalized over Greenland, and the freshwater forcing of inserting 0.1 sverdrup of water in the 23
North Atlantic over 100 years yields to an annual cooling of 1.5°C south of Greenland. In spite 24 of this fresh water induced cooling, the summer temperature anomalies over Greenland 25 remain positive. Lunt et al (2004) also found that the effect of melted Greenland is local for 26 temperature (directly related to changes in altitude and albedo of the surface), precipitation 27 and more widespread for circulation (response to changed orography) but the "principal effect 28 of removing the Greenland ice-sheet is relatively localised". They show that December-29 temperature) as a result of changes in the near-surface meridional wind speed. In the case of 1 melted Greenland, cold air from the pole is advected to the south. This cooling along with the 2 freshening of the North Atlantic increases the sea-ice formation and retains sea ice in June-3
July-August (JJA) as mentioned by Lunt et al (2004) . However, all these sensitivity studies are 4 for a complete melting of Greenland ice sheet, therefore the effects of the MIS-5e Greenland 5 melting would be much smaller and would be important mainly for the regions over and 6 around Greenland. Nevertheless, the shortcoming of prescribing ice sheet to present should 7 be kept in mind when model-proxy comparison is made. 8
9
Global cooling is simulated in DJF and warming in JJA by both models. LOVECLIM simulates 10 consistently warmer climate than CCSM3. This might be related to the temperature biases in 11 both models and through feedbacks from the modeled climate system. Goosse et al ( during MIS-5e, with the largest warming over the NH lands (Figure 2) . The large continental 6 warming during MIS-5e results from its much higher insolation during boreal summer. 7
Radiative forcing induces a temperature response larger over land than over the ocean due to 8 the large thermal capacity of the ocean. Differences in heat capacity can explain the large 9 variation between land and ocean surface during boreal summer are warmer. Less sea ice is simulated in both models -about -40% in CCSM3 and up to -60% in 29 thermodynamic, but it is only one sea-ice thickness category in LOVECLIM but multi-category 1 in CCSM3. This difference in sea-ice category at least partly contributes to the different sea-2 ice response in the two models. Additionally, the reduction of snow cover (not shown) in 3
Greenland and on the islands west of Greenland, is simulated to be up to 8m in LOVECLIM 4 and up to 1m in CCSM3. The strong feedback from the reduction of snow cover over land, 5 next to the external astronomical forcing, could partly explain why Greenland is on average 6 warmer in LOVECLIM (5.3°C) than in CCSM3 (3.4°C). The simulated warming for 75. During boreal winter both models show cooler continents in MIS-5e than at PI (Figure 4) , as a 5 consequence of its reduced insolation. East of Japan, a negative anomaly is simulated in 6 CCSM3 associated with an increased sea-ice formation, but not in LOVECLIM ( Figure 5 ). 7
Over the oceans, the sea-surface temperature (SST) anomalies are weak in both models 8 (around -0.5°C). In the southern polar region (for 60-90°S), CCSM3 and LOVECLIM simulate 9
an average cooling of -1.8° and -0.3°C, respectively. However, over the Southern Ocean, both 10 models simulate areas of warming. Between 52°S and 59°S and 40°E and 35°W CCSM3 and 11
LOVECLIM simulate a warming of 0.2° and 0.6°C, respectively (see Table 3 ). Nonetheless, 12 both models underestimate the warming of 2-3.5°C given in the proxy record by Bianchi and 13 Gersonde (2002) . Similarly, around 55°S at 160°E, CCSM3 and LOVECLIM underestimate 14 the warming of 5-6°C found in Crosta et al. (2004) . 15 
16
Over most of the Arctic region, the surface temperature anomalies agree pretty well in both 17 models with a smooth south-north transition from cooling to warming. The winter Arctic SST in 18 MIS-5e remains higher than in PI, a result of the higher summer insolation and its delayed 19 impact in winter through the ocean-sea-ice system, the so-called summer remnant effect (Yin 20 and Berger, 2012). Fischer and Jungclaus (2010) also point out that the reduced/absent sea-21 ice cover over the Barents Shelf and on the east coast of Greenland cannot act as an 22 insulator between the ocean and the atmosphere and heat from the ocean is released in DJF. 23 The Arctic, for 60-90°N, remains warmer in LOVECLIM partly related to the snow cover 24 change, too. In LOVECLIM the anomaly is -0.5m and in CCSM3 it is -0.01m. This is mainly 25 attributed to the melting of snow over Greenland where the role of snow depth is important 26 due to its effect on albedo. A vegetation feedback could also be related to the simulated 27 warmth in LOVECLIM. LOVECLIM surface temperature in MIS-5e remains higher than in 28 CCSM3 in the areas of expanded vegetation during MIS-5e. However, CCSM3 do not 29 account for the MIS-5e vegetation, hence it will be difficult to assess its effect on surface Figure 6 shows the annual differences between MIS-5e and PI simulated by CCSM3 and 3 LOVECLIM. Warming is simulated in high latitudes by both models with the largest anomalies 4 towards the North Pole. This warming is a result of the high insolation during summer and the 5 summer remnant effect during winter (Yin and Berger, 2012) . On the contrary, over the 6 Southern Ocean, the insolation change during DJF is too small to trigger a summer remnant 7 effect and the annual warming is driven by the global warmth during JJA. Warmer Southern 8
Ocean and an annually warmer Antarctica are modeled in LOVECLIM, but not in CCSM3. The 9 average anomaly for the area 70-90°S is 1.5°C in LOVECLIM and -0.2°C in CCSM3 (see 10 Table 3 ). The warming in LOVECLIM is in line with ice-core records from the Antarctic 11 There is more monsoon precipitation in the NH during MIS-5e in LOVECLIM than in CCSM3 5 ( Table 4) 
Vegetation 2 3
Over Africa (between the Equator and 30°N), the increase of tree fraction during MIS-5e as 4 compared to PI is larger in LOVECLIM than in BIOME4 (Figure 13a, d) . Grassland simulated 5 in BIOME4 (Figure 13b ) occupies about 80% of the land at 20°N while LOVECLIM simulates 6 about 50%, the rest being mainly trees (Figure 13e ). On one hand, this difference between 7 the two models could be related to the fact that the vegetation-climate feedbacks are missing 8 in CCSM3 due to the lack of a dynamic vegetation model. On the other hand, it could be 9 related to the fact that LOVECLIM tends to overestimate the precipitation around 30°N and 10 the temperature in the tropics (Goosse et al. A large reduction in deserts, as compared to PI, is simulated by both BIOME4 and LOVECLIM 10 over the NH (Figure 13c, f) . Over the Southern Hemisphere, good agreement is also found 11 between the two models. The increase in desert between the Equator and 30°S is attributed 12 to the annual warming and decreased precipitation over Australia. The spectrum of the SST NINO3.4 anomalies shows dominant variability at interannual time 19 scale which is related to ENSO (Figure 15a ). The spectrum power for PI has large and 20 significant magnitude in 1.7-6.5 year band with the largest peak around 3.7 years. We also 21 find the largest peak of the spectrum at period around 2-3 years when we apply a 5-month 22 moving average filter. This is consistent with some other CCSM3 model studies where a 23 period of around 2 years for ENSO variability was found (e.g., Merkel et al., 2010) . In the MIS-24 5e run, the large and significant peaks of the spectrum are limited to 2-6 year band while the 25 leading period is around 2.1 years. The largest peak of the power spectrum in MIS-5e has 26
shorter period compared to the one in PI and its magnitude is slightly larger (~10%). This 27 shorter period during MIS-5e might be partially related to the westward shift of the cold tongue 28 which reduces the distance between the cold tongue and the warm pool. The moderate 29 change in the magnitude and pattern of the significant peaks in the spectrum of MIS-5e can insome degree be related to the shoaling of the thermocline, the increase of the east-west 1 temperature gradient and the weaker trade winds in the tropical Pacific. However, as shown 2 above, the change in these factors was moderate. It is also of interest to check other factors. 
Conclusions 15 16
In this paper, the last interglacial climate, including surface temperature, hydrological cycle, 17 vegetation and ENSO, was investigated through simulations of two models of different 18 complexity, CCSM3 and LOVECLIM. In both models, continents remain warmer during 19 summer (except over North Africa and Arabian Peninsula) and cooler during winter in MIS-5e 20 than PI. Discrepancies between the two models mainly occur in the polar areas, closely 21 related to feedbacks from sea ice and snow cover. CCSM3 simulates more sea ice in MIS-5e 22 and lower surface temperatures than LOVECLIM. In addition, the reduction in snow is much 23 larger cover in LOVECLIM than in CCSM3, contributing to the larger Arctic warming in 24
LOVECLIM. 25
Intensification of the African monsoon causes cooling during boreal summer over North Africa 26 and on the Arabian Peninsula. In MIS-5e the ITCZ moves further north as compared to PI. 27
Precipitation increases over the Sahel/Sahara, over India, Tibet, southwestern China and over 28 the northern part of South America. Deserts reduce largely in the NH, but increase in North 29 flourish in Sahel/Sahara, trees being more abundant in LOVECLIM simulation than in 1 BIOME4. Simulated mid-latitude trees are also more abundant in LOVECLIM. In both models 2 trees expand deep in high northern latitudes, found in good agreement with proxy records.. 3 CCSM3 simulates larger tropical Pacific SST for MIS-5e than for PI. We suggest this is 4 related to the change in the SST annual cycle next to smaller effects through increased east-5 west temperature gradient and less-steep thermocline. The SST variability in our LOVECLIM 6 simulations is particularly small due to the overestimated thermocline's depth. Ablagerungen der Bohrung "Quakenbrück GE 2". Geologisches Jahrbuch A, 134, pp. 28 1994 . Table 1 . Greenhouse gas concentrations and astronomical parameters used for the PI and the last interglacial simulations in both LOVECLIM and CCSM3. ) between 127ka BP and PI. The true longitudes 0° and 180° correspond to the spring and fall equinoxes, respectively; 90° and 270° are for the summer and winter solstices, respectively. 
